In this study, highly porous activated carbon was produced from rice straw by carbonization and followed by activation using potassium hydroxide (KOH) 
INTRODUCTION
Biochar or charcoal are carbon-based materials produced by carbonization using heating process to increase carbon content of the starting material (Sumrit et al. 2015) . Charcoal can be produced from agriculture wastes such as paddy straw (Gao et al. 2011) , husk (Muniandy et al. 2014) , coconut waste (MohdIqbaldin et al. 2013) , peanut shell , palm kernel shell (Rugayah et al. 2014) , walnut shell (Yu et al. 2014) , corn cob (Song et al. 2013) and sugarcane (Srenscek-Nazzal et al. 2013) . Charcoal was the starting material to produce activated carbon (AC) which exhibits excellent absorption performance due to its high surface area, porosity and rich in active functional groups (Shamsuddin et al. 2016) .
AC is rich in carbon, high surface area and consists of various pore sizes, including macro-, meso-and microsizes (Bhatnagar et al. 2013 ). It has a basic structural unit which is closely approximated by the structure of graphite. AC can be produced through activation process on carbonaceous materials like coal or cellulosic sources (Oh & Park 2002) . Most of AC materials are produced from coal, pitch, petroleum and high carbon content materials via physical or chemical activations ). Due to high cost of coal, wide attention has been given to low cost agriculture wastes. Rice straw consists of hemicellulose (35.7%), cellulose (32%), lignin (22.3%) and extractive (10%) (Lim et al. 2012) . AC can be derived from cellulose, hemicellulose, lignin and other components in lignocellulose materials (Danish et al. 2018) .
AC can usually be prepared by physical or chemical activation. Physical activation process can be achieved by heating charcoal or carbonized materials in the presence of steam or carbon dioxide, while chemical activation involves the impregnation of charcoal with chemicals, such as potassium hydroxide (KOH) (Chen et al. 2009 Fierro et al. 2009; Oh & Park 2002; Oh et al. 2003; Sobhy et al. 2015) , sodium hydroxide (NaOH) (Schroder et al. 2007 ), zinc chloride (ZnCl 2 ), iron oxide (Zainol et al. 2017) or phosphoric acid (H 3 PO 4 ), prior to heating in inert gas at high temperature (Kalderis et al. 2008) . AC obtained from chemical activation possesses larger surface area and better mesoporosity (Viboon et al. 2008) .
AC was preciously prepared from rice straw via two-steps method, i.e., carbonization and followed by activation. Two steps activation allows more activating agent to react with the carbon compounds and produce AC with higher pore volume and surface area (Basta et al. 2009 ). Alkali hydroxides, such as NaOH and KOH, are generally used as activating agent to produce AC (Foo & Hameed 2011; Guo et al. 2003; Perrin et al. 2004) . It was reported that activation using KOH can produce AC with higher surface area and porosity compared to NaOH (Evans et al. 1999; Oh & Park 2002) .
In Malaysia, more than 3 million tonnes of rice straw was produced from approximately 680,000 acres of paddy field every year (Rosmiza et al. 2014) . Unfortunately, big portion of the rice straw was left in the field or burned which creating air pollution. Therefore, it will be useful to utilize the paddy straw waste to produce valuable products. Since research works on the preparation of activated carbon from Malaysia's rice straw are still not widely reported, therefore, in this research, rice straw AC was prepared using two-steps method, i.e., carbonization and activation processes. The effect of activation temperature (650°C, 750°C and 850°C) was also studied. The physical and chemical properties of the charcoal and AC were characterized by elemental analyses, Fourier-transform infrared (FTIR), Raman spectroscopy, Brunauer-EmmettTeller (BET), X-ray diffraction (XRD) and scanning electron microscopy (SEM).
Besides that, we also include the elemental analyses of raw rice straw and the produced activated carbon, which are of important to further understand the physical and chemical properties of the activated carbon produced.
MATERIALS AND METHODS

MATERIALS
Rice straw was obtained from a paddy field in Sekinchan, Selangor. The rice straw was washed with water and followed by drying in an oven at 105°C for 16 h. The dried rice straw was cut into size range of 1-3 cm using a cutting machine. Potassium hydroxide (KOH) in pellet form was purchased from Merck.
METHODS
Chemical activation
The rice straw was undergone carbonization process in a closed chamber at 400°C for 4 h to produce rice straw charcoal (RSC). The produced charcoal was ground and sieved to size of 60 mesh. The charcoal was impregnated with KOH by soaking in KOH solution (13 M) with a weight ratio of 1:4 (1 g RSC: 4 mL KOH) for 24 h. Then, the impregnated charcoal was filtered and oven dried at 105°C overnight. Activation process was done in a tube furnace under nitrogen gas flow (100 mL/ min) at various temperatures (650, 750 and 850°C) for 2 h. After the activation process, the sample was cooled to room temperature and washed with HCl solution (1.0 M) and washed several times with deionized water until pH 6 to 7 of the rinse was achieved. The samples were labeled as RS (rice straw), RSC (rice straw charcoal). RSAC650, RSAC750 and RSAC850 are referred to the rice straw AC activated at 650°C, 750°C, and 850°C, respectively.
CHARACTERIZATIONS
All samples were analyzed to determine the percentage carbon, hydrogen and nitrogen elements. 30 mg of the samples was mixed with 60 mg titanium and wrapped with aluminum foil prior to the analyses using an Elemental analyzer (Elementar Macro cube). Chemical functional groups of the sample surface were analyzed using a FTIR Spectrometer (Bruker, Alpha). Total surface area and porosity of the RSAC and RSC samples were evaluated using N 2 adsorption-desorption analysis (Micromeritics ASAP 2010) according to the standard nitrogen adsorption and desorption at 77 K. The samples were degassed prior to be analyzed under vacuum at 110°C for 10 h.
X-ray diffraction (XRD) was conducted to determine the crystallinity of the samples using a powder X-ray diffraction (Bruker AXS model D8 advance), which was equipped with Cu-Kα radiation (λ=0.15406 Å) and voltage supplied at 40 kV and current of 40 mA. The step size was set at 0.025° from 10° to 90°. Raman spectrum of the samples was obtained using a micro-Raman system equipped with a 532 nm laser (Technospex Ltd, Singapore). Scanning electron microscopy (SEM) of FEI model Quanta 400 was used to observe surface morphology of the RSAC and RSC samples.
RESULTS AND DISCUSSION
The elemental compositions of the RS, RSC and RSAC are demonstrated in Table 1 . All AC samples treated with KOH contained higher carbon and lower hydrogen, sulfur and nitrogen contents as compared to RS and RSC. KOH activation has promoted deeper carbonization and enhanced the chemical changes in the material which increased the carbon content and decreased the hydrogen, nitrogen and sulfur contents (Yakout & El-Deen 2016) . AC was highly formed after the reaction of the KOH's oxygen which assists the removal of cross-linking and stabilizes the carbon atoms in crystalline (Viboon et al. 2008) . The removal of hydrocarbon during activation with KOH has improved carbon content and has reduced the hydrogen content (Mohd Iqbaldin et al. 2013; Zhang et al. 2008) . Figure 1 demonstrates the FTIR spectra of the RS, RSC and RSAC samples. The spectra of RSC and RSAC at 3100-3600 cm -1 for OH stretching absorption decreased as compared to RS due to the absence of OH from the results of heating during the carbonization and activation processes. It may be due to the development of the aromatic structure (Oh et al. 2003) . The absorbance at 1043 cm -1 was O-H bending (San Miguel et al. 2003 ). RS and RSC prepared exhibited weak bands at 2800-2900 cm -1 indicating stretching vibrations of the C-H bonds of the methylene groups (-CH 2 -) (Cazetta et al. 2011 ). These bands were, however, not presence in the RSAC samples that were activated at 650, 750, and 850°C. This might be due to the decomposition of the C-H bonds to develop an aromatic C=C bond which is more stable at higher activation temperature (Zhu et al. 2012) . The results were related with the decrease of the H contents of the RSC and RSAC as discussed early. The peak at 1380 cm -1 is attributed to the aliphatic deformation of CH 2 or CH 3 groups or O-H bending of phenolic-OH. It became weaker for the AC samples, suggesting the dehydration and aromatization occurred as a result of the decomposition and condensation of volatile matters (Wu et al. 2012) . The band at 1737 cm -1 , which belongs to C=O stretching in aldehyde appeared on the surface site of RSAC, was due to instability of thermal of aldehyde and ketone group in the high temperature (Hamza et al. 2015) . The peak around 1520-1620 cm -1 is corresponding to the C=C stretching in aromatic rings (El-Hendawy 2003) .
The surface area (S BET ), total pore volume (V total ) and pore sizes of RSAC and RSC obtained from N 2 absorption are listed in Table 2 . We also included results from previous studies for comparison purposes. RSAC exhibited higher BET surface area ranging from 520 to 1048 m 2 /g, meanwhile the RSC sample was only 1.16 m 2 /g. BET surface area increased with increasing activation temperature. Activation at 850°C produced AC with the highest surface area (1048 m 2 /g) followed by 750°C (928 m 2 /g) and 650°C (520 m 2 /g). The role of temperature is to assist the development pores on the surface by heat induced internal volumetric widening of pores (Foo & Hammed 2012) . Improvement of BET surface area could also due to the release of volatile components during the heat activation process. It was probable that KOH was reduced (Equations 1, 2 and 3) into metallic potassium (K) during the activation process. Metal of K was diffused into the layer of carbon whenever activation temperature reaches the boiling point of K (760°C) and created pores in the carbon structure which increased the porosity and surface area (Rostamiam et al. 2015) . Besides, higher activation temperature could release more volatile components from the material hence increased the BET surface area. KOH as activating agent was reacted with the reactive center of the carbonized material, such as disorganized carbon, carbon with heteroatoms and carbon on graphene edges thus created new pores and widening the existence ones . RSAC produced from the KOH activation has surface area more than 500 m 2 /g, suggesting that it can be considered as functional or practical AC. Total pore volume of RSAC increased from 0.32 to 0.64 cm 3 /g with the increase of activation temperature from 650°C to 850°C. Total pore volume of the RSC sample is 0.0028 cm 3 /g. Increase in the surface area was attributed by the increase of mesopore volume (Viboon et al. 2008) . The possible chemical reactions between KOH and carbon occurred during the activation process as follows (Chunlan et al. 2005) :
It can be seen that the surface area of activated carbon produced from this study is lower compared to the works done by Basta et al. (2009), Oh and Park (2002) and Zhang et al. (2009) . Basta et al. (2009) and Oh and Park (2002) applied higher temperature during the carbonization process, i.e. 700-800°C, which is much higher than 400°C in our study. While Zhang et al. (2000) used much higher concentration of KOH for the activation process of the rice straw carbon. The purpose of selecting low carbonization temperature and KOH concentration is to minimize the cost and chemical usage for the production of activated carbon from rice straw.
Average pore size of RSAC varies from 2.45 nm to 2.49 nm and 9.72 nm for RSC as tabulated in Table 2 . Figure  2 shows the size distribution of the RSAC. The results demonstrated that majority of the pores within the size of 2-50 nm fall under mesopore size, i.e., 86.14, 88.43, and 88.79% for the RSAC650, RSAC750, and RSAC850, respectively. This values are much higher than that of the RSC sample before activation. According to Everett (1972) , pore size can be classified into three types which are micropore (less than 2 nm), mesopore (2-50 nm) and macropore (more than 50 nm). Mesoporous material is usually suitable for adsorption of liquid pollutants due to larger sizes of liquid molecules (Sobhy et al. 2015) . It was reported by Altenor et al. (2009) , that the methylene blue molecule susceptible to lodge on the mesoporous adsorbent which has a pore diameter larger than 1.3 nm. Figure 3 depicts XRD diagrams of the RSC and RSAC (850°C activation temperature). RSAC showed two broad peaks at 20° -30° and 40° -50° which indicated the presence of amorphous carbon. The crystal structure has disappeared and micropores were formed during the activation process (Ma & Ouyang 2013) . The two broad peaks could be attributed to the reflection from the (002) and (100) planes . It was the characteristics of amorphous carbon with carbon rings that disorderly stack up . Thus, the AC has some degree of micro-crystallinity with turbostratic graphite structure . Srenscek-Nazzal et al. (2013) also reported the same finding that the both broad peaks meant the AC sample made of graphite-like micro-crystallites bounded by a crosslinking network consisted of several graphite-like layer.
Raman spectra of the RSAC samples are presented in Figure 4 . There are two broad peaks found at 1360 cm -1 (D band) and 1580 cm -1 (G band) in all spectra corresponding to the C-C bond vibrations of carbon atom with sp 2 electronic configuration in graphene sheet structure for G band and the disordered and imperfect structures of carbon materials for D band, respectively (Kayiran et al. 2004; Pol et al. 2004; Zhang et al. 2008) . The narrower G band and broad D band proved that the RSAC had small graphene sheets with a low graphitization degree (Zhang et al. 2009 ). These means that the carbon atom of RSAC samples have assembled into graphene sheet structure as a results of carbonization and activation. The G band found weaker for the AC sample produced at higher activation temperature as shown in Figure  4 . The same patterns were also reported by Srenscek-Nazzal et al. (2013) .
SEM micrograph of the RSC of closed pores on the surfaces (Figure 5(a) ). However, after the KOH activation at 850°C, pores structure of the RSAC850 was developed (as shown in Figure 5(b) ). Chemical activation resulted in carbon porous structure which opened the pores on the surface of the RSAC. The high pores were resulted in the high BET surface area of RSAC as discussed previously. These results were consistent with results obtained from previous study (Oh & Park 2002; Oh et al. 2003) .
CONCLUSION
AC was produced from rice straw in a laboratory-scale by carbonization and subsequent KOH activation. Carbon content of the RSAC was varied from 66.18% to 80.46%, depending on the activation temperature. BET surface area of the RSAC prepared at 850°C attained a maximum of 1048 m 2 /g. Pore sizes of the RSAC were found to be mainly in mesopore sizes. FTIR analyses on the surface of RSAC demonstrated different of functional groups than the RSC. The physical characteristics of RSAC were proved from the XRD and Raman spectroscopy analyses where it made of graphite-like micro-crystallites and in graphene sheet structure or disordered of carbon materials, respectively. SEM proved the porous structure of the RSAC produced by KOH activation.
